A novel flavoprotein monooxygenase, 4-hydroxybenzoate 1-hydroxylase (decarboxylating), from Candida parapsilosis CBS604 was purified to apparent homogeneity. The enzyme is induced when the yeast is grown on either 4-hydroxybenzoate, 2,4-dihydroxybenzoate, or 3,4-dihydroxybenzoate as the sole carbon source. The purified monooxygenase is a monomer of about 50 kDa containing flavin adenine dinucleotide as weakly bound cofactor. 4-Hydroxybenzoate 1-hydroxylase from C. parapsilosis catalyzes the oxidative decarboxylation of a wide range of 4-hydroxybenzoate derivatives with the stoichiometric consumption of NAD(P)H and oxygen. Optimal catalysis is reached at pH 8, with NADH being the preferred electron donor. By using 18 O 2 , it was confirmed that the oxygen atom inserted into the product 1,4-dihydroxybenzene is derived from molecular oxygen. 19 F nuclear magnetic resonance spectroscopy revealed that the enzyme catalyzes the conversion of fluorinated 4-hydroxybenzoates to the corresponding hydroquinones. The activity of the enzyme is strongly inhibited by 3,5-dichloro-4-hydroxybenzoate, 4-hydroxy-3,5-dinitrobenzoate, and 4-hydroxyisophthalate, which are competitors with the aromatic substrate. The same type of inhibition is exhibited by chloride ions. Molecular orbital calculations show that upon deprotonation of the 4-hydroxy group, nucleophilic reactivity is located in all substrates at the C-1 position. This, and the fact that the enzyme is highly active with tetrafluoro-4-hydroxybenzoate and 4-hydroxy-3-nitrobenzoate, suggests that the phenolate forms of the substrates play an important role in catalysis. Based on the substrate specificity, a mechanism is proposed for the flavin-mediated oxidative decarboxylation of 4-hydroxybenzoate.
4-Hydroxybenzoate is a common intermediate in the microbial degradation of lignin, the principal aromatic component of wood (4) . In aerobic soil bacteria, 4-hydroxybenzoate is metabolized via the 3-oxoadipate pathway (26) . This route involves the initial action of the inducible NAD(P)H-dependent flavoenzyme 4-hydroxybenzoate 3-hydroxylase followed by intra-or extradiol ring cleavage of 3,4-dihydroxybenzoate (5, 21) . The structural and mechanistic properties of Pseudomonas 4hydroxybenzoate 3-hydroxylase (EC 1.14.13.2) have been studied in detail (6) . As a consequence, this enzyme has become the model of the family of flavin-dependent aromatic hydroxylases (31) .
Relatively little is known about the enzymes involved in the catabolism of hydroxyaromatic acids by yeasts (18, 37) . For Trichosporon cutaneum, it was reported that 4-hydroxybenzoate is metabolized via 3,4-dihydroxybenzoate and the 1,2,4trihydroxybenzene branch of the 3-oxoadipate pathway (1) . In contrast, simultaneously operating intradiol ring cleavage enzymes for both 3,4-dihydroxybenzoate and 1,2,4-trihydroxybenzene were detected in 4-hydroxybenzoate-grown cells of Rhodoturula rubra (38) . This suggests that both these basidiomycetes contain two inducible aromatic hydroxylases acting on 4-hydroxybenzoate and 3,4-dihydroxybenzoate, respectively. The catabolism of 4-hydroxybenzoate by Candida parapsilosis proceeds exclusively via 1,2,4-trihydroxybenzene (17) , and we recently established that in this ascomycete, 4-hydroxybenzoate initially is converted by an NAD(P)H-dependent flavoprotein monooxygenase to 1,4-dihydroxybenzene (30) .
Here we report on the induction, purification, and properties of 4-hydroxybenzoate 1-hydroxylase from C. parapsilosis CBS604. We show that the enzyme is active with a wide range of 4-hydroxybenzoate derivatives. The substrate specificity of 4-hydroxybenzoate 1-hydroxylase from C. parapsilosis is discussed in relation to the molecular orbital characteristics of the aromatic substrates and the reaction mechanisms of other flavoprotein aromatic hydroxylases.
(Some preliminary results have been presented elsewhere [32] .)
MATERIALS AND METHODS
Chemicals. Morpholineethanesulfonic acid (MES), HEPES, HEPPS, 2-(Ncyclohexamino)ethanesulfonic acid (CHES), Tris, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), riboflavin, and Cibacron blue 3GA agarose were from Sigma. NADH, NADPH, dithiothreitol, catalase, and superoxide dismutase were purchased from Boehringer. Q-Sepharose Fast Flow, phenyl-Sepharose CL-4B, Superdex 200 Prep Grade, Superdex PG200 HR 10/30, and molecular weight markers were from Pharmacia. Hydroxyapatite and Bio-Gel P6DG were from Bio-Rad. Acrylamide, bisacrylamide, and Coomassie brilliant blue G250 were from Serva. 18 O 2 was obtained from Eurisotop, Centre d'Etudes de Saclay, Gif-sur-Yvette, France. 4-Aminobenzoic acid, 3-amino-4-hydroxybenzoic acid, 4-amino-3-hydroxybenzoic acid, 2-chloro-4-hydroxybenzoic acid, 3-chloro-4-hydroxybenzoic acid, 2,5difluorophenol, 2,6-difluorophenol, 3,5-difluorophenol, 2,5-dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 4-fluorobenzoic acid, 2-fluoro-4-methoxyacetophenone, 3-fluoro-4-methoxybenzoic acid, 4-hydroxybenzenesulfonic acid, 4-hydroxy-3,5-dinitrobenzoic acid, DL-4-hydroxymandelic acid, 4-hydroxy-3-methoxybenzyl alcohol, 2-hydroxypyridine-5-carboxylic acid (6-hydroxynicotinic acid), and 4-methoxybenzoic acid were from Aldrich. 4-Amino-2-hydroxybenzoic acid, 3,5-dichloro-4-hydroxybenzoic acid, 4-hydroxyacetophenone, 4-hydroxy-1,3-benzenedicarboxylic acid (4-hydroxyisophthalic acid), 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 4-hydroxycinnamic acid, 4-hydroxy-3,5-dimethoxybenzoic acid, 4-hydroxy-3,5-dinitrobenzoic acid, 4-hydroxy-3-methoxybenzoic acid, 4-hydroxy-3-nitrobenzoic acid, 4-hydroxyphenylacetic acid, and 2,4,6-trihydroxybenzoic acid were from Acros Chimica. 2,4-Dihydroxybenzoic acid was from Fluka. All other chemicals were of commercially available analytical grade. 2,3,5,6-Tetrafluoro-4-hydroxybenzoic acid was prepared from pentafluoroben-zoic acid as described previously (14) . 2-Fluoro-4-hydroxybenzoic acid was synthesized from 2-fluoro-4-methoxyacetophenone (2 g) by the following procedure.
In the first step, the methylketone was cleaved with HOBr (34), yielding 2-fluoro-4-methoxybenzoic acid (yield ϭ 99%). The ether bond of 2-fluoro-4-methoxybenzoic acid was cleaved with BBr 3 (8) in the second reaction step (yield ϭ 70%). The 2-fluoro-4-hydroxybenzoic acid formed was purified by high-pressure liquid chromatography (HPLC) on a 25-by 200-mm NovaPak HR C 18 column with 1% acetic acid-25% methanol-74% H 2 O as the eluent. 3-Fluoro-4-hydroxybenzoic acid was synthesized from 3-fluoro-4-methoxybenzoic acid by the method described above for 2-fluoro-4-hydroxybenzoic acid. 2,5-Difluoro-4-hydroxybenzoic acid, 2,6-difluoro-4-hydroxybenzoic acid, and 3,5-difluoro-4-hydroxybenzoic acid were synthesized from 2,5-difluorophenol, 3,5-difluorophenol, and 2,6-difluorophenol, respectively, by the method described by Komiyama et al. (15) . The products, obtained in about 25% yield, were purified by column chromatography with a 21-by 300-mm silica column and 30% ethyl acetate-70% petroleum ether as the eluent.
Yeast and culture conditions. The cultivation procedure for C. parapsilosis CBS604 has been described by Middelhoven et al. (17) . Large-scale growth, with 4-hydroxybenzoate as the sole carbon and energy source, was performed batchwise in a 200-liter fermentor (Bioengineering AG) at 30°C. During growth, the medium was stirred at 100 rpm and flushed with 100 liters of air/min and the pH was kept constant at pH 6.7 with NaOH. The fermentor was inoculated with 500 ml of cell culture, and growth was induced by the addition of 0.7 mM 4-hydroxybenzoate. After 10 h, when the cells had adapted, 3.6 mM 4-hydroxybenzoate was added followed by two portions of 20 mM 4-hydroxybenzoate at 10-h intervals. The cells were harvested 10 h later. The cells (about 1 kg [wet weight]) were frozen and stored at Ϫ70°C. Under these conditions, no significant loss of 4-hydroxybenzoate 1-hydroxylase activity occurred over a period of 3 months.
Enzyme purification. 4-Hydroxybenzoate 1-hydroxylase was purified to apparent homogeneity in five chromatographic steps by an improved method (30) . All purification steps were performed at 4°C. Buffers contained 0.5 mM dithiothreitol, 0.5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and 10 M FAD. Cells (150 g [wet weight]) were suspended in 20 mM Tris-sulfate (pH 7.8) and disrupted through a precooled French press. The clarified cell extract was treated with streptomycin sulfate (1 g/100 ml) and applied to a Q-Sepharose column (5 by 10 cm) equilibrated in 20 mM Tris-sulfate (pH 7.8). The 4-hydroxybenzoate 1-hydroxylase activity was eluted with starting buffer and adjusted to 70% saturation with pulverized ammonium sulfate. The resulting precipitate was dissolved in 50 mM potassium phosphate (pH 7.6) containing 1.0 M ammonium sulfate and loaded onto a phenyl-Sepharose column (3 by 14 cm) equilibrated in the same buffer. After the column was washed, the 4-hydroxybenzoate 1-hydroxylase activity was eluted with a linear descending gradient from 1 to 0 M ammonium sulfate in 50 mM potassium phosphate (pH 7.6). Active fractions were concentrated by ultrafiltration (Amicon YM-30 membrane), dialyzed in 10 mM potassium phosphate (pH 7.6), and applied to a hydroxyapatite column (2.5 by 10 cm) equilibrated in 10 mM potassium phosphate (pH 7.6). After the column was washed, the enzyme was eluted with a linear gradient from 10 to 500 mM potassium phosphate (pH 7.6). Active fractions were concentrated by ultrafiltration, dialyzed in 20 mM Tris-sulfate (pH 7.8), and loaded onto a Cibacron blue 3GA agarose column (2.5 by 10 cm) equilibrated in 20 mM Tris sulfate (pH 7.8). After the column was washed, the enzyme was eluted with a linear gradient from 0 to 0.5 M KCl in 50 mM Tris-sulfate (pH 7.8). In the final step, the enzyme was concentrated by ultrafiltration and eluted over a Superdex 200 column (2.6 by 100 cm) equilibrated in 50 mM potassium phosphate buffer (pH 7.0). Active fractions were pooled, concentrated by ultrafiltration, and stored at Ϫ70°C.
Analytical methods. 4-Hydroxybenzoate 1-hydroxylase activity was routinely measured by the oxidation of NADH at 340 nm and 25°C. The assay mixture contained 0.1 mM 4-hydroxybenzoate, 0.2 mM NADH, and 10 M FAD in air-saturated 50 mM potassium phosphate (pH 7.6). The addition of FAD was essential to achieve optimal turnover. One unit of enzyme is defined as the amount that catalyzes the oxidation of 1 mol of NADH/min under the assay conditions. For estimation of steady-state kinetic parameters, NAD(P)H and aromatic substrate concentrations were varied and 0.2 mM fixed substrate was used. The concentrations of aromatic substrates ranged from 1 M to 1 mM. The phenol hydroxylase activity was measured by the oxidation of NADPH at 340 nm and 25°C. The assay mixture contained 0.1 mM phenol, 0.2 mM NADPH, and 10 M FAD in 50 mM potassium phosphate (pH 7.6). 1,2,4-Trihydroxybenzene 1,2-dioxygenase activity was determined as described by Suzuki and Itoh (27) .
Oxygen consumption was measured polarigraphically at 25°C with an Clark electrode. The reaction vessel contained 50 mM potassium phosphate (pH 7.6), 10 M FAD, 0.5 mM aromatic substrate, 0.2 mM NADH, and different amounts of 4-hydroxybenzoate 1-hydroxylase in a total volume of 2.0 ml. At the end of the reaction, catalase (150 U) was added to estimate the degree of uncoupling of hydroxylation (7) . Incorporation of 18 O 2 into the aromatic product was measured to confirm the enzymatic oxidative decarboxylation of 4-hydroxybenzoate. The experiments were carried out in two 8-ml flasks containing a total volume of 1 ml of 150 nM 4-hydroxybenzoate 1-hydroxylase-1 mM NADH-10 M FAD in 50 mM potassium phosphate (pH 7.6). The flasks were sealed, and to one flask a 2:1 mixture of 18 O 2 and 16 O 2 was added by injecting 3.2 ml of 18 O 2 into the headspace. The other flask contained 16 O 2 from air. With both samples, the enzymatic reaction was started by injecting 10 l of 100 mM 4-hydroxybenzoate. After the reaction was completed, the mixture was extracted twice with 0.5 ml of ether. The extracted aromatic product was dried with a stream of nitrogen gas and dissolved in 200 l of methanol. Gas chromatography-mass spectrometry analysis was performed on a Hewlett-Packard HP 6090 gas chromatograph and a Hewlett-Packard HP 5973 mass spectrometer equipped with an HP-5 column. Samples (10 l) were injected without derivization, and the temperature program was 5 min isothermal at 50°C followed by an increase to 240°C at 7°C min Ϫ1 .
The flavin prosthetic group of 4-hydroxybenzoate 1-hydroxylase was isolated by boiling an enzyme sample for 3 min. After removal of the protein precipitate, the nature of the extracted flavin was identified by reverse-phase HPLC (Waters) with diode array detection. A 4.6-by 50-mm Microspher C 18 column was used with 82% 100 mM ammonium bicarbonate-18% methanol as the eluent. Both the retention time (2.3 min) and the absorption spectrum of the extracted flavin were identical to those of authentic FAD. Flavin fluorescence emission spectra were recorded on an SPF-500 spectrofluorimeter essentially as described elsewhere (7) .
Enzymatic reaction products were separated by HPLC with a 4.6-by 100-mm Nucleosil C 18 column and 20% methanol-1% acetic acid-79% H 2 O as the eluent. Under these conditions, 4-hydroxybenzoate eluted at 7.1 min and 1,4dihydroxybenzene eluted at 2.8 min. 4-Aminophenol was determined colorimetrically (2). 19 F nuclear magnetic resonance (NMR) product analysis was done on a Bruker AMX-300 nuclear magnetic resonance spectrometer as described previously (22) . Resonances were assigned on the basis of the chemical shifts of fluorinated phenols (23) . Molecular orbital calculations were performed on a Silicon Graphics Indigo 2 workstation. The semiempirical molecular orbital method was used, with the AM1 Hamiltonian of the MOPAC module of the Insight II package (Biosym, San Diego, Calif.). All calculations were performed essentially as described elsewhere (23) . pK a values of 4-hydroxybenzoate derivatives were determined by recording absorption spectra of 0.1 mM solutions as a function of pH with a DW-2000 double-beam spectrophotometer, thermostated at 25°C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with 15% slab gels, essentially as described previously (29) . The gels were scanned and analyzed with a computing densitometer system (ImageQuant; Molecular Dynamics, Inc.). Fast protein liquid chromatography (Pharmacia Åkta System) gel filtration analysis was performed on a Superdex 200 HR10/30 column, running in 50 mM potassium phosphate (pH 7.0) and containing 150 mM NaCl (9) . Protein concentrations were determined by the method of Peterson (24) . Desalting or buffer exchange of small aliquots of enzyme was performed with Bio-Gel P-6DG columns.
RESULTS
Induction of 4-hydroxybenzoate 1-hydroxylase and phenol monooxygenase. C. parapsilosis CBS604 metabolizes 4-hydroxybenzoate by initial oxidative decarboxylation to give 1,4dihydroxybenzene (30) . This reaction and the subsequent conversion of 1,4-dihydroxybenzene to the ring fission product 1,2,4-trihydroxybenzene are catalyzed by two distinct flavindependent monooxygenases (30) . Middelhoven et al. reported that the catabolism of 2,4-dihydroxybenzoate and 3,4-dihydroxybenzoate in C. parapsilosis also proceeds through 1,2,4trihydroxybenzene, but the enzyme(s) involved was not studied in further detail (17) . When C. parapsilosis was grown on either 2,4-dihydroxybenzoate or 3,4-dihydroxybenzoate as the sole carbon source, partial enzyme purification by anion-exchange chromatography (30) led to the separation of 4-hydroxybenzoate 1-hydroxylase and trihydroxybenzene 1,2-dioxygenase activity. The induction levels of these activities were in the same range as those found for 4-hydroxybenzoate-grown cells (30) . The partially purified 4-hydroxybenzoate 1-hydroxylase induced by growth on either 2,4-dihydroxybenzoate or 3,4-dihydroxybenzoate catalyzed the NAD(P)H-dependent production of 1,2,4-trihydroxybenzene from both 2,4-dihydroxybenzoate and 3,4-dihydroxybenzoate as evidenced from the spectral changes and red color formed upon auto-oxidation of the aromatic product (1, 11) . These results are consistent with the degradation pathways depicted in Fig. 1 .
Anion-exchange chromatography of cell extracts obtained from 2,4-dihydroxybenzoate-grown cells led also to the separation of a (yellow) fraction with phenol monoxygenase activity. Although phenol monoxygenase was not involved in the degradation of 2,4-dihydroxybenzoate ( Fig. 1) , it constituted up to 2% of the total protein. The catalytic and hydrodynamic properties of this flavoenzyme were indistinguishable from those of 1,4-dihydroxybenzene monooxygenase induced by growth on 4-hydroxybenzoate (30) . In contrast, no significant amount of phenol monooxygenase activity was detectable in partially purified fractions of 3,4-dihydroxybenzoate-grown cells. This and the observation that the enzyme is also induced by growth on 1,3-dihydroxybenzene and 1,4-dihydroxybenzene (17) suggest that regulation of phenol monooxygenase expression in C. parapsilosis is dependent on the mutual orientation of the hydroxyl groups in the aromatic ring of the inducer. Whatever the exact mechanism may be, gratuitous synthesis of an enzyme which is not involved in the catabolism of the inducing aromatic compound has been described for other yeasts (1, 12) and fungi (10) . In the following sections, the purification and properties of 4-hydroxybenzoate 1-hydroxylase from C. parapsilosis are described in more detail. The properties of the flavin-dependent monooxygenase acting on phenolic substrates will be reported elsewhere.
Purification of 4-hydroxybenzoate 1-hydroxylase. Purification of 4-hydroxybenzoate 1-hydroxylase by five chromatographic steps resulted in a nearly homogeneous enzyme preparation. Table 1 summarizes a typical purification from 150 g of 4-hydroxybenzoate-grown cells. The isolation procedure gave about 40-fold purification and an overall yield of 10%. In spite of the presence of excess FAD during the isolation procedure, the purified enzyme contained substoichiometric amounts of flavin as indicated by its low absorbance in the visible region of the electromagnetic spectrum. SDS-PAGE analysis of the purified enzyme revealed the presence of a single polypeptide chain, corresponding to a molecular mass of about 52 kDa (Fig. 2) . Scanning densitometric analysis indicated that the final preparations had a typical purity of about 80%. The purified 4-hydroxybenzoate 1-hydroxylase eluted from an analytical Superdex 200 column in one symmetrical peak with an apparent molecular mass of 49 Ϯ 5 kDa. Addition of excess FAD to the gel filtration buffer did not change the elution behaviour. These results suggest that 4-hydroxybenzoate 1hydroxylase from C. parapsilosis is a monomer of about 50 kDa harboring FAD as weakly bound cofactor. Catalytic properties. 4-Hydroxybenzoate 1-hydroxylase from C. parapsilosis catalyzed the FAD-dependent oxidative decarboxylation of 4-hydroxybenzoate to 1,4-dihydroxybenzene with the consumption of stoichiometric amounts of NAD(P)H and oxygen. The pH and temperature optima for the catalysis were 8.0 and 37°C, respectively. The specific activity of the purified enzyme was about 12 mol of NADH oxidized min Ϫ1 mg Ϫ1 (25°C). Addition of 10 M FAD to the assay mixture was essential to obtain optimal turnover (apparent K m of FAD ϭ 1.5 M). No activity was observed with FMN or riboflavin. 4-Hydroxybenzoate 1-hydroxylase oxidized NADH and NADPH with comparable rates (kЈ cat ϭ 11 Ϯ 1 s Ϫ1 ), but determination of the Michaelis constants showed that the enzyme clearly preferred NADH (apparent K m ϭ 19 Ϯ 2 M) over NADPH (apparent K m ϭ 169 Ϯ 30 M) as the electron donor. No NAD(P)H oxidase activity was detectable in the absence of 4-hydroxybenzoate, confirming the effector role of the aromatic substrate.
Substrate specificity. 4-Hydroxybenzoate 1-hydroxylase from C. parapsilosis was highly specific for 4-hydroxybenzoate derivatives. Except for 4-hydroxybenzoate, the enzyme catalyzed the conversion of a wide range of 4-hydroxybenzoate analogs bearing substituents at the aromatic ring ( Table 2) . Oxygen consumption experiments performed in the absence or presence of catalase revealed that with all 4-hydroxybenzoate derivatives, the consumption of reducing equivalents was tightly coupled to substrate hydroxylation. No uncoupling of hydroxylation occurred as evidenced by the lack of formation of hydrogen peroxide. Relatively slow NADH consumption (less than 10% of the rate with 4-hydroxybenzoate) was observed when the enzyme was assayed with 2-hydroxy-4-aminobenzoate, 2,5-dihydroxybenzoate, 2,5-dihydroxyphenylacetate, 3-hydroxybenzoate, 3,5-dihydroxybenzoate, or 3-hydroxy-4-aminobenzoate. HPLC analysis revealed that no aromatic product was formed from these compounds. Oxygen consumption experiments performed in the absence or presence of catalase confirmed that these substrate analogs act as pure effectors, stimulating NADH oxidase activity (formation of hydrogen peroxide). HPLC and colorimetric product analysis revealed that 4-hydroxybenzoate 1-hydroxylase catalyzed the conversion of 4-aminobenzoate to 4- Product analysis. Earlier studies on partially purified enzyme had already established that 4-hydroxybenzoate 1-hydroxylase produces 1,4-dihydroxybenzene and 2-fluoro-1,4-dihydroxybenzene as single aromatic products from 4-hydroxybenzoate and 2-fluoro-4-hydroxybenzoate, respectively (30) . To confirm the oxidative decarboxylation of 4-hydroxybenzoate, the enzymatic reaction was carried out in the presence of 18 O 2 and the extracted aromatic product was analyzed by gas chromatography-mass spectrometry. As can be seen from Fig. 3 , the mass-spectral analysis was consistent with the formation of 1,4-dihydroxybenzene and the incorporation of one atom of molecular oxygen. 19 F NMR showed that the purified enzyme catalyzed the oxidative decarboxylation of several newly synthesized fluorinated substrate analogs ( Table 3) . As an example, a 19 F NMR spectrum of 3,5-difluoro-4-hydroxybenzoate after incubation with the enzyme is shown in Fig. 4 . As stated above, 4-hydroxybenzoate 1-hydroxylase catalyzed the formation of 1,2,4-trihydroxybenzene from both 2,4dihydroxybenzoate and 3,4-dihydroxybenzoate as evidenced by the spectral changes and the red color formed upon autooxidation of the aromatic product (1, 11) .
Enzyme inhibition. All the aromatic compounds listed under Materials and Methods were tested for inhibition of the 4hydroxybenzoate-stimulated enzymatic oxidation of NADH. The activity of 4-hydroxybenzoate 1-hydroxylase was strongly inhibited by 3,5-dichloro-4-hydroxybenzoate (K i ϭ 22 Ϯ 4 M), 4-hydroxy-3,5-dinitrobenzoate (K i Ͻ 5 M), and 4-hydroxyisophthalate (K i ϭ 30 Ϯ 10 M), which are competitors with the aromatic substrate. The same type of inhibition was exhibited by chloride ions (K i ϭ 7 Ϯ 3 mM). At high concentrations of chloride (above 100 mM), mixed-type inhibition was observed. As reported for phenol hydroxylase (19) , this deviation from competitive inhibition might be related to flavin dissociation. 2,4-Dihydroxybenzoate was the only aromatic substrate which showed considerable substrate inhibition. Optimal enzyme activity with this compound was observed near a concentration of 40 M, whereas 50% inhibition occurred around 200 M 2,4-dihydroxybenzoate.
Ionization status of phenolic compounds. It has been generally accepted that the hydroxylation of hydroxyaromatic compounds by flavoprotein monooxygenases proceeds through electrophilic attack by a transiently stable flavin C(4a) hydroperoxide intermediate (16) . From this, it is obvious that the ionization state of the phenolic moiety of aromatic substrates might play an important role in the reaction catalyzed by 4hydroxybenzoate 1-hydroxylase. To get more insight in the ionization state of substrates, it was of interest to determine the phenolic pK a values of 4-hydroxybenzoate derivatives free in solution. Absorption spectra recorded as a function of pH revealed that most 4-hydroxybenzoate 1-hydroxylase substrates have phenolic pK a values above 8, the pH optimum of catalysis ( Table 2 ). As a result of their strongly electron-withdrawing substituents, the most considerable perturbations of the phenolic pK a were observed with tetrafluoro-4-hydroxybenzoate (pK a ϭ 5.3) and 4-hydroxy-3-nitrobenzoate (pK a ϭ 6.3). This suggests that these compounds bind to the active site in their dianionic form. Molecular orbital characteristics of 4-hydroxybenzoate derivatives. Semi-empirical molecular orbital calculations were performed to investigate the intrinsic electronic characteristics of the 4-hydroxybenzoate substrates. As outlined previously (33, 34) , the chemical reactivity for the enzymatic hydroxylation reaction is dependent on the energy of the reactive electrons in the highest occupied molecular orbital [E(HOMO)] and the HOMO density on the reaction center C-1 of the substrate. From Table 4 , it can be seen that the monoanionic (phenolic) 4-hydroxybenzoate derivatives have a rather low E(HOMO) compared to the dianionic (phenolate) forms. Be-cause a high E(HOMO) will result in a stronger interaction between the substrate HOMO and the LUMO of the flavin C(4a) hydroxyperoxide, deprotonation (or polarization) of the phenolic moiety of the 4-hydroxybenzoate derivatives will stimulate the rate of substrate hydroxylation. Table 4 also shows that for all substrates, substantial HOMO density at C-1 is present in the dianionic form. Because a high reactive electron density on C-1 of the substrates will favor the electrophilic attack of the putative flavin C(4a) hydroperoxide, this supports the notion that deprotonation (or polarization) of the phenolic moiety of the substrate is required for substrate conversion. However, from the large spread in E(HOMO) values and the very limited range in kЈ cat values, it is clear that no correlation exists between the E(HOMO) characteristics of the dianionic substrates and the corresponding turnover rates.
DISCUSSION
In this paper, we have described the purification and characterization of 4-hydroxybenzoate 1-hydroxylase from the as- (16) , this suggests that binding of aromatic substrates allows the transient stabilization of a putative flavin C(4a) hydroperoxide intermediate, preventing its decomposition to hydrogen peroxide. Formation of hydrogen peroxide was brought about by several benzoate analogs which lacked an activating p-hydroxyl group. Therefore, these compounds can be regarded as nonsubstrate effectors (36) , stimulating the rate of flavin reduction by NADH but uncoupling oxygen activation from substrate hydroxylation.
Activity as a substrate or inhibitor of 4-hydroxybenzoate 1-hydroxylase was shown only by benzoate derivatives that possessed a hydroxyl substituent at C-4 of the benzene nucleus. No activity but strong competitive inhibition with respect to 4-hydroxybenzoate was observed with 3,5-dichloro-4-hydroxybenzoate, 4-hydroxy-3,5-dinitrobenzoate, and 4-hydroxyisophthalate. This indicates that these analogs act as poor effectors, preventing the rapid reduction of the flavin by NADH. Inefficient substrate conversion was observed with 4-aminobenzoate. This suggests that the active site of 4-hydroxybenzoate 1-hydroxylase is highly tuned for activation of the 4-hydroxyl group of the substrate, which can be achieved either through deprotonation or by polarization through strong directional hydrogen-bonding interactions. A mechanism for the oxidative hydroxylation/decarboxylation of 4-hydroxybenzoate that accounts for this structural requirement is presented in Fig. 5 . The inability to efficiently catalyze the conversion of 4-aminobenzoate derivatives clearly discriminates the enzyme from 4-aminobenzoate 1-hydroxylase. This FAD-dependent aromatic hydroxylase, isolated from the common edible mushroom A. bisporus, prefers 4-aminobenzoate as a substrate but is also slightly active with 4-hydroxybenzoate (28).
4-Hydroxybenzoate 1-hydroxylase was highly active with the dianionic substrates tetrafluoro-4-hydroxybenzoate and 4hydroxy-3-nitrobenzoate. No correlation, however, was found between the molecular orbital characteristics of dianionic substrates and their rate of conversion by 4-hydroxybenzoate 1- a Calculations were carried out for phenolic forms (monoanion) and for phenolate forms (dianion). C-1 is the position at which hydroxylation takes place.
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C. PARAPSILOSIS CBS604 4-HYDROXYBENZOATE 1-HYDROXYLASE hydroxylase. Significant greater differences in the turnover rates would have been expected if the reactivity of the substrates were the rate determining factor. The latter situation was reported for other flavin-dependent aromatic hydroxylases (23, 33) . The limited range of values observed for the turnover rates led us to propose that another step in the reaction cycle rather than substrate hydroxylation is rate limiting in catalysis. Interestingly, the substrate specificity of 4-hydroxybenzoate 1-hydroxylase from C. parapsilosis is reminiscent of that of vanillate hydroxylase from the lignin-degrading white rot fungus Phanerochaete chrysosporium (3). This enzyme is induced when P. chrysosporium (formerly Sporotrichium pulverulentum) is grown on vanillate (4-hydroxy-3-methoxybenzoate) as the sole carbon source. C. parapsilosis does not grow on vanillate (18) , but the results presented here show for the first time that in this ascomycetous yeast, a single flavoenzyme is involved in the oxidative decarboxylation of 4-hydroxybenzoate, 2,4-dihydroxybenzoate, and 3,4-dihydroxybenzoate. This, together with the substrate specificity studies, led us to suggest that 4-hydroxybenzoate 1-hydroxylase has a more widespread function in the degradation of aromatic compounds in eukaryotic microorganisms.
